Abstract-We study the characteristics of a photonic crystal (PhC) heterostructure (HS) cavity consisting of a 2-D PhC sandwiched between two identical passive multilayer stacks. Guided resonances of the sandwiched PhC are excited by the evanescent waves of the multilayer stack in the range of its stopband, along with conventional defect modes. Some of these cavity-coupled guided resonances have symmetrical line shapes with very high quality factors. It is found that these resonant modes concentrate their field energy inside the dielectric spheres of the monolayer and thus possess relatively smaller mode volumes than that of the conventional defect modes. When the monolayer contains a gain medium, a significant decrease in the lasing threshold is observed for these resonant modes. The proposed HS cavity design holds immense potential in designing PhC-based ultra-low threshold lasers, narrow band filters, and to enhance non-linear effects.
I. INTRODUCTION

L
OCALIZING photons in sub-wavelength spatial dimensions using photonic crystal (PhC) microcavities has prospective applications in sensing [1] , low-threshold lasing [2] , non-linear optics [3] and quantum optics [4] . Resonance wavelength and quality factor (Q-factor) are the important characteristics of the photonic microcavities. Cavities possessing high Q-values and small mode volumes are in high demand for applications ranging from classical optoelectronics to information processing with quantum optics [4] , [5] . The traditional planar microcavity structures suffer from low Q-values with short photon storage time due to the one-dimensional light confinement [6] . On the other hand, guided resonances in two-dimensional (2-D) PhC slabs have narrow line widths and low group velocities (longer photon storage time) [7] , [8] . These resonances can couple to external radiation and provide efficient channels for the extraction of light from the slabs [7] , [9] . They have complex dispersion characteristics as well as line shapes, and can be excited at -point of the PhC by the light incident along the normal to the 2-D surface of the structure [7] , [10] . These modes are useful in improving the extraction efficiency of the LEDs, designing low threshold lasers and as narrow band filters in optical communication devices [9] , [11] , [12] . It is observed that these modes are highly sensitive to the refractive index of the surrounding medium and hence can be used lucratively in sensor applications as well [13] . Major drawbacks of these modes are asymmetrical line shapes and weak vertical confinement [7] , [8] .
In this work, we combine the advantages of 1-D and 2-D effects. We propose a PhC heterostructure (HS) cavity consisting of a periodically arranged monolayer 2-D PhC of colloids sandwiched between two identical passive multilayers. It is observed that, within the range of the stopband of the multilayer, the evanescent waves of the multilayer stack can excite the guided resonances of the sandwiched PhC along with the conventional defect modes. The stopband of the multilayer will provide a strong vertical confinement for the low-group velocity, guided resonances of the monolayer.
The uniqueness in our proposed cavity arises from the very high passive Q-factor (∼10 6 ) resonances with symmetric line shapes that occur near the center of the stopband of the multilayer. These sharp and symmetric resonances are useful to design optical devices such as ultralow threshold lasers and narrow band filters. As an illustrative example for low-threshold lasing, we calculated the lasing threshold characteristics of the proposed structure using Korringa-Kohn-Rostoker (KKR) method [14] . The field distribution of these resonant modes in the structure are obtained using DiffractMOD (RSoft T M ) module. The good agreement between the results obtained using two independent methods (KKR, DiffractMOD) supports our argument. The ideas developed here are equally applicable to any optical device design that benefits from high Q-factor. Figures 1(a) and 1(b) depict the schematic of the photonic cavity structures used in the calculations. Fig. 1(a) is a conventional planar microcavity having a uniform defect layer. Fig. 1(b) shows the new PhC HS cavity proposed and analyzed in this work. In this design, the uniform defect layer of Fig. 1(a) is replaced by a monolayer of 2-D PhC made up of spherical dielectric colloids ordered in a close-packed hexagonal lattice arrangement. This arrangement of the colloids within the plane of the sandwiched monolayer can be seen in Fig. 1(c) and the black rectangle in it is the cross sectional view of the cuboid shown in Fig. 1(a) and 1(b) , which represents the unit cell used in DiffractMOD simulation.
II. PHOTONIC CRYSTAL HS CAVITY
It is assumed that the 2-D PhC is made up of polystyrene colloidal spheres, with radius R and dielectric constant ε = 2.53, arranged in close-packed hexagonal lattice (R = 0.5a) with lattice constant 'a'. The multilayers are assumed to be composed of alternating T i O 2 and Si O 2 layers with dielectric constants of ε 1 = 7.02 and ε 2 = 2.37 in the wavelength range of interest, and thicknesses of t 1 = 0.14a and t 2 = 0.22a respectively. We chose the parameters of the multilayer such that it has a broad stopband covering the range of normalized frequencies (ωa/2πc) from 0.5 to 1. The calculated band diagram (not shown here) suggests that the guided resonances of the monolayer PhC at -point will be in this normalized frequency range [15] . Here c is the speed of light. The upper limit of the normalized frequency, namely ωa/2πc = 1, is chosen so that the incident light will experience lesser diffraction effects in 2-D PhC [15] . Figure 1 (d) shows the reflection spectra, calculated using KKR method, for the structures shown in Fig. 1(a) and Fig. 1(b) . In calculating the reflectance (dashed curve) for the multilayer cavity with a uniform defect layer shown in Fig. 1(a) , it is assumed that the thickness of the defect layer is equal to the thickness of the monolayer 2-D PhC (diameter of the colloid) and its dielectric constant is equal to the effective dielectric constant of the closely packed monolayer. For this thickness and dielectric constant of the defect layer, two cavity modes arise due to the defect layer and are separated by the frequency equivalent to c/2na, where n is the refractive index of the defect layer. The solid curve in Fig. 1(d) is the reflection spectrum calculated for the PhC HS cavity of Fig. 1(b) . Several sharp dips in reflection are seen for this cavity structure. These sharp resonances are absent in the traditional multilayer cavity structure ( Fig. 1(a) ) as well as in the PhC HS cavity when the stopband of the multilayer does not overlap with the guided resonant frequencies of the monolayer (not shown here). These modes are therefore likely to be the cavity-coupled guided resonances of the monolayer PhC, which are excited by the evanescent field of the multilayers. The frequencies of the modes of the PhC HS cavity shown by circles in Fig. 1(d) are almost matched with the frequencies of the defect modes of multilayer cavity with a uniform defect layer. Hence, one can confirm that these two modes of the PhC HS cavity arise due to the defect-like nature of the monolayer 2-D PhC. We calculated the electric field distribution of the E x component inside the structure using the DiffractMOD module and can be seen in Fig. 2 . Fig. 2(a) shows the field distribution of the defect mode with a frequency of 0.627325, in the XZ-plane at Y = 0 of multilayer cavity with a uniform defect layer. Fig. 2 (b) and 2(c) show the electric field distribution in the same plane for the modes with frequencies of 0.630224 and 0.693212 [see Fig. 1(d) ] of the PhC HS cavity. It is to be noted that the periodic boundary conditions are applied along X, Y-directions and the center of the unit-cell is taken as the origin in simulation.
III. RESULTS AND DISCUSSION
From Fig. 2(a) , it is observed that the magnitude of the field of the defect mode has a minimum at the center of the defect layer and a maximum on either side of it. This is because the thickness and refractive index of the defect layer support more than one mode [see red dashed curve in Fig. 1(d) ] and the field distribution shown here is of the higher order mode. The field distributions in Fig. 2(a) and 2(b) are similar in nature. Hence, one can conclude that this mode is a conventional defect mode of the PhC HS cavity. On the other hand, the electric field of the mode with a frequency of 0.693212 of the PhC HS cavity, shown in Fig. 2(c) , is much more strongly confined in the dielectric spheres of the monolayer. All the other modes (excluding the defect modes with frequencies of 0.630224 and 0.807021) of the PhC HS cavity have similar field distributions, wherein the maximum electric field is concentrated in the spheres of the monolayer.
The cross-sectional view of the field distributions in the plane passing through the center of the spheres of the monolayer for the two contrasting cases of defect mode (Fig. 2(d) ) and the guided resonance (Fig. 2(e) ) also confirm that the electric field of the guided resonant mode is strongly confined in the sphere while the defect mode is more delocalized. As the guided resonance always has fields highly localized [15] , [16] in the dielectric spheres of the monolayer as seen in Fig. 2(c, e) , one can confirm that these modes are cavity-coupled guided resonances and originate from a process different from that of conventional defect modes. From Fig. 2 , it is also learnt that the mode volume of the cavity-coupled guided resonances is relatively smaller than that of the defect modes. Hence these cavity-coupled guided resonances with sharp line widths can be used to enhance light-matter interaction in applications such as low-threshold lasing.
To understand the characteristics of these modes for applications, we analyzed their line shapes with the analytical treatment given in [7] . It is observed from earlier work [7] that the line shape of the guided resonance of the stand-alone 2D PhC is asymmetric in nature as a result of interference between the direct (broad background) and indirect (the leaky resonant modes) transmission pathways. These resonances are known as Fano resonances and the reflected amplitude r of these modes is given by [7] 
Here r d , t d are the reflection and transmission co-efficients of the direct wave, and ω 0 , γ are the center frequency and the width of the resonance. f is the complex amplitude given by f = −(r d ± t d ). The plus and minus sign correspond to the even and odd resonant modes. In our cavity design, the optical spectrum of the multilayer cavity is providing the broad background. It can be observed from Eq. 1 that, when r d = 1, t d = 0, the line shape of the guided resonance will be symmetric with a narrow width, and useful for narrow passband filtering applications. But for the case of stand-alone 2-D PhC, the ever-present out-of-plane transmission acts as the background and the guided resonances show asymmetric line shapes. For the proposed PhC HS cavity, one can obtain r d = 1, t d = 0 for the frequencies near the center of the stopband of multilayer, and thus achieve symmetric line shapes for guided resonance which are effectively excited by the evanescent field of the stopband. Numerical results are compared with the reflection spectrum calculated using Eq. 1 for two resonant modes (from Fig. 1(d) ) of PhC HS cavity and are shown in Fig. 3 . For a mode near the shoulder of the stopband of the multilayer with frequency of 0.564556, r d = 1 and the line shape of the resonance will be asymmetric as seen in Fig. 3(a) . For a mode near the center of the stopband of the multilayer with frequency of 0.693212, r d = 1, t d = 0 and the resonance has a symmetric line shape as seen in Fig. 3(b) . While calculating the spectra using Eq. 1, the values of ω 0 and γ are obtained numerically using KKR method. One can see a good agreement between the line shapes obtained by these two methods.
It is found that the passive Q-factors (ω 0 /γ ) of these cavity-coupled Fano resonances are in the range of ∼10 6 . As discussed above, this high Q-factor is a result of strong vertical confinement provided by the multilayer to the guided resonances of the monolayer 2-D PhC. The Q-factor of these symmetric line shape resonances is higher by two orders and one order of magnitude respectively, as compared to the Fig. 3 . Comparison of theoretical (Eq. 1) and numerical line shapes for two different guided resonant modes of PhC HS cavity. The circles depict the numerically obtained spectra using KKR method (see Fig. 1(d) ). The solid curves are the spectra obtained using Eq. 1. The parameters used in theory for these two spectra are (a) ω 0 = 0.564556, γ = 2.8 × 10 −7 , and (b) ω 0 = 0.693212, γ = 4.4 × 10 −7 , which are obtained through numerical method.
guided resonances with asymmetric line shapes in high index silicon [7] and AlGaAs [8] membrane 2D PhC slabs with air holes. The Q-factor of the well-designed defect mode (single defect mode at the center of the stopband) of the structure shown in Fig. 1(a) with a cavity length of λ c /2 (here λ c is the center wavelength of the stopband) is in the range of ∼10 3 . The enhanced Q-factor along with a relatively small mode volume implies that the proposed HS cavity is a very good candidate for designing nanophotonic laser cavities as well as to design narrow pass-band filters, in contrast to the standard planar Fabry-Perot cavity with a uniform defect layer.
One can expect a significant decrease in the lasing threshold for these guided resonances possessing high Q-factors as compared to the defect modes due to their small group velocities, which result from the flat dispersion characteristics [17] , and their ability to store their energy in the dielectric spheres containing the gain, which enhances the light-matter interaction. The emission from these cavity structures can be modeled using the complex dielectric constant ε = ε r + i ε i , (ε i < 0) [17] for the colloidal spheres using KKR [14] method. Here the negative imaginary part (ε i ) will account for the gain. Lasing threshold is obtained following the procedure outlined in [17] - [19] and the value of ε i , at which the reflectance/transmittance diverges is referred as the lasing threshold (ε th i ). The lasing threshold calculated for all the modes in Fig. 1(d) are shown with star symbols in Fig. 4 . The region shown by circles contains the lasing threshold values for the defect modes of the structure. The two square symbols indicate the lasing threshold values for the two defect modes of the multilayer cavity with a uniform defect layer [shown in Fig. 1(a) ], but containing an active medium. The lasing thresholds for the guided resonances near the center of the stopband are lower by three orders of magnitude than that of the defect modes. The resonant modes near the shoulders of the stopband have higher values for ε th i in comparison to the resonances near the center of stopband, as a result of relatively weaker vertical confinement for them. It is important to mention that although having a weaker confinement as compared to the defect modes (circles in Fig. 1(d)) , the guided resonances near the shoulders of the stopband still exhibit low threshold values. Moreover, the lasing threshold for the defect modes of the multilayer cavity with uniform defect layer is lesser than that of the defect modes of the PhC HS cavity. This is because of the larger volume of gain medium in the case of a uniform defect layer whereas in the sandwiched monolayer, the gain medium is assumed to be present only in the colloidal spheres and Fig. 4 . Lasing threshold (ε th i ) for the modes of the PhC HS cavity (stars) and the defect modes of the multilayer cavity containing a uniform defect layer (squares) (see Fig. 1(d)) . not in the air background, thus implying a smaller volume. The lasing thresholds for the guided resonances near the highfrequency shoulder of the stopband have lower values than that of the modes near the low-frequency shoulder. It is due to the group velocities of the high-frequency modes of the PhC being lower than that of the low-frequency modes, thus enabling a prolonged interaction with the gain medium [17] .
The proposed structure can be easily fabricated using low-cost techniques. A monolayer 2-D PhC can be grown by self-assembly [20] on a multilayer stack fabricated using standard sputtering or dip-coating technique [21] . The second multilayer can be then pasted over it. For active device designs, the monolayer can be fabricated from functionalized colloids [22] . Although we used the hexagonal lattice monolayer PhC as a defect in our design, these conclusions will hold for all 2-D PhC slabs with any lattice structures. Moreover, by using high-index materials such as silicon 2-D PhC slab with air holes as a defect layer, one can expect further narrowing in resonance lineshape thus reducing the lasing threshold. In a practical structure, the finite width of the cavity and unintentional defects in 2-D patterning may degrade the Q-factor. The finite difference time domain method [23] calculations show that the HS cavity with a = 500nm and a finite size of 7μm × 7μm square area will possess a Q-factor of ∼10 5 for the guided resonances near the centre of the stopband of multilayer stack and ∼400 for the cavity defect modes. Hence, we conclude that the guided resonances in our proposed design will always out-perform the conventional defect modes in terms of higher Q-factor, longer photon storage time (due to lower group velocities) and smaller mode volume.
IV. CONCLUSION
In conclusion, we proposed a new PhC HS cavity, which is very simple and highly versatile, which supports guided resonances of the sandwiched 2-D PhC along with its conventional defect modes. These cavity-coupled guided resonances possess high Q-factors (∼10 6 ) with symmetrical line shape functions near the stopband center of the multilayer. The calculated electric field distributions show that the guided resonances in the proposed structure store their maximum electric field amplitude in the dielectric spheres thus enhancing the lightmatter interaction. The lasing threshold values of the guided resonances near the center of the stopband are significantly lower than that of standard defect modes. The results are useful in designing PhC-based optical devices such as low-threshold lasers and narrow band filters as well as to enhance non-linear effects in appropriate materials.
